Introduction
============

Renal cell carcinoma (RCC) is the most common malignancy of the adult kidney, which accounts for \~3% of adult malignant tumors ([@b1-ijo-53-01-0137],[@b2-ijo-53-01-0137]). The most common subtype of RCC is clear cell RCC (ccRCC), which accounts for \~80% of all diagnosed cases ([@b3-ijo-53-01-0137]). Progress has been made with regards to the diagnosis and treatment of ccRCC; however, its incidence continues to rise and \~30% of newly diagnosed patients, and 20--40% of postoperative patients, will experience metastasis or local recurrence ([@b4-ijo-53-01-0137]--[@b6-ijo-53-01-0137]). Recent advances have been made in ccRCC treatment strategies, including targeted therapies, which have resulted in therapeutic improvements ([@b7-ijo-53-01-0137]); however, the majority of treated patients eventually develop progressive disease due to acquired resistance ([@b8-ijo-53-01-0137],[@b9-ijo-53-01-0137]). Therefore, it is essential to elucidate the molecular mechanisms underlying ccRCC progression and metastasis, which may contribute to the development of novel strategies for the treatment of ccRCC.

The perilipin (PLIN) family consists of five members, including PLIN1, PLIN2, PLIN3, PLIN4 and PLIN5, which are all characterized as lipid droplet (LD) proteins in adipocytes ([@b10-ijo-53-01-0137]). These proteins are expressed in numerous species, including mammals, *Drosophila* and *Dictyostelium* ([@b11-ijo-53-01-0137]--[@b16-ijo-53-01-0137]), in which they are involved in various intracellular activities, such as lipid metabolism and transport, intracellular trafficking and signaling, and cytoskeletal organization ([@b13-ijo-53-01-0137],[@b17-ijo-53-01-0137],[@b18-ijo-53-01-0137]). It is well known that ccRCC is characterized by the presence of intracellular LDs, which consist of a neutral lipid core surrounded by a phospholipid monolayer and chimeric LD surface proteins ([@b19-ijo-53-01-0137]). PLIN family members regulate lipid metabolism and are involved in the tumorigenesis and development of various types of cancer. For example, PLIN1, which is primarily expressed in adipose and steroidogenic cells, has been reported to be involved in breast cancer progression and may act as a tumor suppressor gene ([@b20-ijo-53-01-0137]). In cervical cancer, high PLIN3 expression is correlated with advanced tumor stages and poor patient prognosis ([@b21-ijo-53-01-0137]).

PLIN2 was originally considered an RNA transcript, and is markedly involved in adipocyte differentiation ([@b22-ijo-53-01-0137],[@b23-ijo-53-01-0137]). It is commonly expressed in numerous types of tissue, including the mammary gland, liver and skeletal muscle ([@b24-ijo-53-01-0137]--[@b26-ijo-53-01-0137]). It has previously been reported that PLIN2 abundance is directly associated with the levels of intracellular lipids, and increased expression levels of PLIN2 have been observed in several specific diseases involving fat accumulation ([@b27-ijo-53-01-0137]). Recent studies have demonstrated that numerous types of tumor overexpress PLIN2 ([@b28-ijo-53-01-0137],[@b29-ijo-53-01-0137]). Notably, the majority of these tumors have clear cell histology ([@b30-ijo-53-01-0137],[@b31-ijo-53-01-0137]). Two major studies revealed the prognostic value of the transcript and protein levels of PLIN2 in ccRCC ([@b32-ijo-53-01-0137],[@b33-ijo-53-01-0137]). Furthermore, a recent study provided evidence to suggest that PLIN2 is upregulated in ccRCC and directly proportional to hypoxia-inducible factor (HIF)2α activation ([@b34-ijo-53-01-0137]); however, to the best of our knowledge, a functional analysis of PLIN2 in ccRCC has not yet been performed. Therefore, the present study aimed to investigate whether PLIN2 expression is associated with clinicopathological features of ccRCC and patient survival. In addition, the function of PLIN2 in ccRCC was examined *in vitro*.

Materials and methods
=====================

Renal cancer tissue samples
---------------------------

Between January 2014 and December 2016, 80 pairs of ccRCC and adjacent normal renal tissues and 7 benign renal angiomyolipoma tissues were collected from patients who received partial or radical nephrectomy at the Wuhan Union Hospital (Wuhan, China). Among these, 40 pairs of resected tissues underwent protein expression analysis by western blotting. The remaining tissues were fixed in 10% formalin for 24 h at room temperature and embedded in paraffin for immunohistochemistry (IHC). None of the patients received preoperative or postoperative adjuvant anticancer therapy. The present study and experimental procedures were approved by the Human Research Ethics Committee of Huazhong University of Science and Technology (Wuhan, China). Written informed consent was obtained from the patients/patients\' families.

Cell lines and cell culture
---------------------------

The ACHN, 786-O, A-498, OS-RC-2, Caki-1 and HK-2 cell lines were purchased from the American Type Culture Collection (Manassas, VA, USA). Cells were cultured in Dulbecco\'s modified Eagle\'s medium (HyClone; GE Healthcare, Logan, UT, USA) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 1% penicillin-streptomycin solution. Cells were maintained at 37°C in an incubator containing 5% CO~2~.

Transient transfection assay
----------------------------

Small interfering (si)RNA sequences specifically targeting PLIN2 (si-PLIN2) and negative control siRNA (si-NC) were chemically synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). The off-target effects of all siRNA sequences were detected using the Basic Local Alignment Search Tool (<https://blast.ncbi.nlm.nih.gov/Blast.cgi>). For transfection, ccRCC cells were seeded in 6-well plates at 50--70% confluence. Cells (3×10^5^) were transfected with 100 pmol siRNA sequences using Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to our previous study ([@b35-ijo-53-01-0137]). A total of 48 h post-transfection, cells were used for subsequent assays. The si-PLIN2 sequence was as follows: 5′-CAGCCAUCAACUCAGAUUGUU-3′.

IHC
---

ccRCC tissues and adjacent normal tissues were sequentially fixed in formalin, dehydrated and embedded in paraffin. Subsequently, IHC was conducted by incubating tissue sections (4 *µ*m) with a primary rabbit PLIN2 polyclonal antibody (1:100; A6276; ABclonal Biotech Co., Ltd., Wuhan, China) overnight at 4°C. Subsequently, after washing three times with PBS, the sections were incubated with goat anti-rabbit secondary antibody (1:200; GB23303; Servicebio, Inc., Woburn, MA, USA) at room temperature for 2 h.

Cell proliferation analysis
---------------------------

A-498 cells were transfected with si-PLIN2 or si-NC. Subsequently, the cells were added to each well of 96-well plates at a density of 3×10^3^/well. Cell proliferation rate was determined using the Cell Counting kit-8 (CCK-8) (Dojindo Molecular Technologies, Inc, Rockville, MD, USA) every 24 h, according to the manufacturer\'s protocol. Briefly, 10 *µ*l CCK-8 solution was added to each well. After 4 h, the optical density of each well was measured at 450 nm. Each experiment was conducted in triplicate in three independent experiments.

Migration assay
---------------

Boyden Transwell chambers (Corning Incorporated, Corning, NY, USA) containing 8-*µ*m membrane filters were applied to 24-well plates. Cells (1×10^4^) were seeded into the upper chamber in serum-free medium, whereas the bottom chamber was filled with complete medium supplemented with 10% FBS. After 24 h at 37°C, the cells on the upper surface were washed with PBS and cells on the lower surface were fixed with 100% methanol for 10 min and stained with 0.05% crystal violet for 10 min at room temperature. The average number of migrated cells was counted in five randomly selected fields under a microscope (Olympus CX41-32C02; Olympus Corporation, Tokyo, Japan). Experiments were independently repeated in triplicate.

Invasion assays
---------------

Invasion assays were performed as previously described ([@b36-ijo-53-01-0137]). Briefly, 24-well Transwell chambers with 8-*µ*m membrane filters (Corning Incorporated) were precoated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). Cells (2×10^4^) were seeded into the upper chamber in serum-free medium, whereas the lower chamber was filled with complete medium containing 10% FBS. Following incubation for 24 h at 37°C, cells on the lower surface were fixed with 100% methanol for 10 min and stained with 0.05% crystal violet for 10 min at room temperature. Five random fields were captured using an optical microscope at 100× magnification (Olympus CX41-32C02; Olympus Corporation). Experiments were independently repeated in triplicate.

Western blotting
----------------

Tissues and cells were lysed in radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China) containing a protease inhibitor cocktail tablet (Roche Diagnostics, Indianapolis, IN, USA) and 1 mM phenylmethylsulfonyl fluoride. Subsequently, the protein concentrations were measured using a bicinchoninic acid kit (Beyotime Institute of Biotechnology), according to the manufacturer\'s protocol. Total proteins (30 *µ*g) were separated by 10% SDS-PAGE and were then transferred to polyvinylidene fluoride (PVDF) membranes (EMD Millipore, Bedford, MA, USA) at 90 V for 90 min. The PVDF membranes were blocked in PBS containing 5% nonfat milk for 1 h at room temperature, and were then incubated with primary antibodies against PLIN2 (1:1,000; A6276; ABclonal Biotech Co., Ltd.) and GAPDH (1:3,000; BM3876; Wuhan Boster Biological Technology, Ltd., Wuhan, China) overnight at 4°C. Subsequently, the membranes were incubated with secondary antibodies (1:3,000; GB23303; Servicebio, Inc.) for 2 h at room temperature. Finally, the proteins were visualized using ChemiDoc-XRS^+^ (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Bioinformatics analysis
-----------------------

PLIN2 mRNA expression and clinical data of The Cancer Genome Atlas (TCGA) ccRCC dataset (TCGA_KIRC) were downloaded from the Xena Functional Genomics Explorer of University of California Santa Cruz (<https://xenabrowser.net/heatmap/>) ([@b37-ijo-53-01-0137]). To provide understanding of the biological pathways involved in ccRCC pathogenesis via the PLIN2 pathway, a gene set enrichment analysis (GSEA) was conducted to analyze the enrichment of given gene sets (c2.cgp.v6.0.symbols.gmt) in TCGA ccRCC dataset using GSEA software (<http://www.broadinstitute.org/gsea>) ([@b38-ijo-53-01-0137]). For enriched gene sets, those with a false discovery rate (FDR) \<25% and nominal P\<0.05 following the performance of 1,000 permutations were considered significantly enriched.

Statistical analysis
--------------------

All data were analyzed using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) and SPSS 22.0 (IBM Corporation, Armonk, NY, USA). Numerical data are presented as the means ± standard deviation. Student\'s t-test was used to assess differences in PLIN2 expression between each ccRCC subgroup. Survival information was evaluated via Kaplan-Meier analysis and was compared using the log-rank test. The correlation between PLIN2 mRNA expression and clinicopathological parameters of patients with ccRCC was evaluated using χ^2^ test. The significant differences in PLIN2 expression among various T stage groups and grade groups were estimated using one-way analysis of variance followed by Tukey\'s post hoc test to assess multiple comparisons. Receiver operator characteristic (ROC) curve analysis was used to assess the prognostic value of PLIN2 with regards to various ccRCC clinicopathological factors. Univariate and multivariate analyses were performed using a Cox proportional hazard regression model. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

PLIN2 is strongly upregulated and associated with various types of clinicopathological factors in ccRCC tissues
---------------------------------------------------------------------------------------------------------------

To investigate the role of PLIN2 in ccRCC development, the present study examined the mRNA expression levels of the five PLIN family members (PLIN1-5) in TCGA database. The heat map indicated that among the five PLIN members, PLIN2 exhibited the most obvious difference in expression between normal tissues and ccRCC ([Fig. 1](#f1-ijo-53-01-0137){ref-type="fig"}). Therefore, PLIN2 was chosen for subsequent investigation.

The present study explored the mRNA expression levels of PLIN2 in ccRCC cancer tissues and adjacent normal tissues from TCGA; PLIN2 expression was significantly elevated in tumor tissues compared with in normal tissues ([Fig. 2A](#f2-ijo-53-01-0137){ref-type="fig"}). Subsequent validation was conducted in 72 pairs of matched ccRCC tissues and adjacent normal tissues. As expected, PLIN2 expression was significantly increased in tumor tissues compared with in paired normal tissues ([Fig. 2B](#f2-ijo-53-01-0137){ref-type="fig"}). Furthermore, TCGA dataset revealed that PLIN2 expression was increased in patients ≥60 years old compared with in those \<60 years old ([Fig. 2C](#f2-ijo-53-01-0137){ref-type="fig"}). Elevated PLIN2 expression was also significantly associated with sex, T stage and grade in ccRCC ([Fig. 2D--F](#f2-ijo-53-01-0137){ref-type="fig"}). PLIN2 expression levels tended to decrease with increasing tumor T stage and G grade. Markedly, PLIN2 expression was clearly increased in patients with VHL alteration-positive ccRCC compared with in those with VHL alteration-negative ccRCC ([Fig. 2G](#f2-ijo-53-01-0137){ref-type="fig"}). Clinicopathological information for the 526 ccRCC tissues in TCGA dataset is listed in [Table I](#tI-ijo-53-01-0137){ref-type="table"}. There was a significant association between high PLIN2 expression and age or sex, which is consistent with the aforementioned results. In addition, the χ^2^ test performed for VHL alteration and PLIN2 expression demonstrated that PLIN2 expression levels were significantly associated with VHL alteration status (P=0.007).

Association between high PLIN2 expression and good clinical outcome in patients with ccRCC
------------------------------------------------------------------------------------------

Kaplan-Meier survival analysis was used to determine overall survival (OS) according to PLIN2 expression. Patients with high PLIN2 expression exhibited better OS (P\<0.0001) ([Fig. 3A](#f3-ijo-53-01-0137){ref-type="fig"}). Furthermore, OS analysis with regards to PLIN2 expression was conducted in various subgroups of patients with ccRCC. The results demonstrated that high PLIN2 expression may be considered a useful prognostic indicator for patients with ccRCC with the following characteristics: Male ([Fig. 3B](#f3-ijo-53-01-0137){ref-type="fig"}) or female ([Fig. 3C](#f3-ijo-53-01-0137){ref-type="fig"}), aged \<60 ([Fig. 3D](#f3-ijo-53-01-0137){ref-type="fig"}) or ≥60 years old ([Fig. 3E](#f3-ijo-53-01-0137){ref-type="fig"}), T3 + T4 stage ([Fig. 3F](#f3-ijo-53-01-0137){ref-type="fig"}), N0 stage ([Fig. 3G](#f3-ijo-53-01-0137){ref-type="fig"}), M0 stage ([Fig. 3H](#f3-ijo-53-01-0137){ref-type="fig"}) and G3 + G4 grade ([Fig. 3I](#f3-ijo-53-01-0137){ref-type="fig"}). The prognostic value of each clinicopathological factor, including PLIN2 expression status, was evaluated for OS ([Table II](#tII-ijo-53-01-0137){ref-type="table"}). Univariate Cox proportion hazard ratio (HR) analysis indicated that age (HR, 1.803; P\<0.001), T stage (HR, 3.120; P\<0.001), N stage (HR, 3.823; P\<0.001), M stage (HR, 4.346; P\<0.001), G grade (HR, 2.639; P\<0.001) and PLIN2 expression status (HR, 0.524; P\<0.001) were associated with OS. Further multivariate analysis demonstrated that age (HR, 1.652; P=0.002), T stage (HR, 1.619; P=0.010), N stage (HR, 2.219; P=0.013), M stage (HR, 2.448; P\<0.001), G grade (HR, 1.677; P=0.006) and PLIN2 expression (HR, 0.586; P=0.001) could be considered independent prognostic indicators of OS.

The present study analyzed the association between PLIN2 expression and disease-free survival (DFS) of patients with ccRCC by Kaplan-Meier analysis. The results demonstrated that patients with high PLIN2 expression exhibited better DFS compared with those with low PLIN2 expression ([Fig. 4A](#f4-ijo-53-01-0137){ref-type="fig"}; P\<0.001). Furthermore, DFS analysis with regards to PLIN2 expression was performed in subgroups of patients with ccRCC. As expected, the results demonstrated that high PLIN2 expression was a potential prognostic indicator for patients with ccRCC with the following characteristics: Female ([Fig. 4B](#f4-ijo-53-01-0137){ref-type="fig"}), aged \<60 ([Fig. 4C](#f4-ijo-53-01-0137){ref-type="fig"}) or ≥60 years ([Fig. 4D](#f4-ijo-53-01-0137){ref-type="fig"}), T3 + T4 stage ([Fig. 4E](#f4-ijo-53-01-0137){ref-type="fig"}), N0 stage ([Fig. 4F](#f4-ijo-53-01-0137){ref-type="fig"}), M0 stage ([Fig. 4G](#f4-ijo-53-01-0137){ref-type="fig"}), G3 + G4 grade ([Fig. 4H](#f4-ijo-53-01-0137){ref-type="fig"}) and stage III + IV ([Fig. 4I](#f4-ijo-53-01-0137){ref-type="fig"}).

Association between high PLIN2 expression and diagnostic role in patients with ccRCC
------------------------------------------------------------------------------------

Clinicopathological factors were analyzed using ROC curve to investigate the diagnostic role of PLIN2 in patients with ccRCC. The results demonstrated that PLIN2 could sufficiently discriminate ccRCC from paired normal tissues with an area under the curve (AUC) of 0.9412 ([Fig. 5A](#f5-ijo-53-01-0137){ref-type="fig"}; P\<0.0001). In addition, ROC curve analysis was conducted with regards to PLIN2 expression in various subgroups of patients with ccRCC. The results demonstrated that PLIN2 expression may be an effective diagnostic indicator for patients with ccRCC with the following characteristics: N0 vs. N1 stage ([Fig. 5B](#f5-ijo-53-01-0137){ref-type="fig"}; AUC=0.6794, P=0.016), M0 vs. M1 stage ([Fig. 5C](#f5-ijo-53-01-0137){ref-type="fig"}; AUC=0.5732, P=0.03989), disease-free vs. recurrence ([Fig. 5D](#f5-ijo-53-01-0137){ref-type="fig"}; AUC=0.5904, P=0.003115), alive vs. dead ([Fig. 5E](#f5-ijo-53-01-0137){ref-type="fig"}; AUC=0.5852, P=0.001485), OS-good vs. OS-poor ([Fig. 5F](#f5-ijo-53-01-0137){ref-type="fig"}; AUC=0.5548, P=0.04889).

PLIN2 upregulation is verified in ccRCC cells and tissues, and regulates biological pathways in ccRCC pathogenesis
------------------------------------------------------------------------------------------------------------------

To further validate the results of TCGA dataset, western blotting was conducted to detect the protein expression levels of PLIN2 in ccRCC cells and tissues ([Fig. 6A and B](#f6-ijo-53-01-0137){ref-type="fig"}). In addition, IHC was conducted in 40 paired ccRCC tumor tissues and adjacent normal tissues ([Fig. 6C](#f6-ijo-53-01-0137){ref-type="fig"}). The results demonstrated that PLIN2 protein expression was significantly elevated in tumor cells and tissues compared with in immortalized renal epithelial cells and adjacent normal tissues.

To elucidate how PLIN2 is involved in ccRCC pathogenesis, GSEA was performed to gain further insight into the biological pathways in TCGA database. GSEA is a computational tool that determines whether a predefined set of genes shows statistically significant, concordant differences between two biological statuses. The GSEA results demonstrated that the gene signatures of hypoxia pathway, HIF1α and HIF2α signaling, tumor necrosis factor signaling and Myc signaling were associated with patients with higher PLIN2 expression compared with those with lower PLIN2 expression ([Fig. 6D--G](#f6-ijo-53-01-0137){ref-type="fig"}; P\<0.05).

Roles of PLIN2 in ccRCC cell lines
----------------------------------

To evaluate the functional role of PLIN2 in ccRCC, ccRCC cell lines with PLIN2 knockdown were generated. Decreased PLIN2 protein expression was observed in A-498 cells post-transfection with si-PLIN2 oligonucleotide sequences ([Fig. 7A](#f7-ijo-53-01-0137){ref-type="fig"}). Proliferation of A-498 cells transfected with si-PLIN2 was markedly enhanced compared with in cells transfected with si-NC ([Fig. 7B](#f7-ijo-53-01-0137){ref-type="fig"}). Furthermore, Transwell assays were conducted to assess the migration and invasion of ccRCC cells; downregulation of PLIN2 significantly promoted migration and invasion ability compared with in the si-NC group ([Fig. 7C and D](#f7-ijo-53-01-0137){ref-type="fig"}). These data revealed that PLIN2 may attenuate the migration and invasion of ccRCC cells.

Discussion
==========

The present study investigated the expression pattern, clinical significance and biological functions of PLIN2 in ccRCC, including its effects on cell proliferation, migration and invasion. PLIN2 expression was revealed to be elevated in ccRCC tissues compared with in adjacent normal tissues, and was associated with good prognosis of patients with ccRCC. Furthermore, the results demonstrated that knockdown of PLIN2 enhanced proliferation, migration and invasion of ccRCC cells.

PLIN2 is a member of the perilipin protein family, which consists of five members, namely PLIN1-5. PLIN2 serves a vital role in fatty acid uptake and LD formation, and is believed to function in intracellular lipid metabolism ([@b26-ijo-53-01-0137],[@b28-ijo-53-01-0137],[@b39-ijo-53-01-0137]). Investigations into PLIN2 in several types of cancer have indicated that it has an important role in tumorigenesis. Numerous studies have reported that PLIN2 levels are markedly increased in specific types of cancer in plasma ([@b29-ijo-53-01-0137]), urine ([@b40-ijo-53-01-0137]) and tumor samples. Several types of cancer, such as Burkitt lymphoma ([@b41-ijo-53-01-0137]), colorectal cancer ([@b29-ijo-53-01-0137]), lung adenocarcinoma ([@b28-ijo-53-01-0137]) and ccRCC ([@b40-ijo-53-01-0137]), exhibit high levels of PLIN2. In addition, PLIN2 is relevant to tumor maintenance in numerous malignancies; high PLIN2 expression has been observed in the majority of malignant melanomas ([@b42-ijo-53-01-0137]), and overexpression of PLIN2 is correlated with a markedly worse prognosis in breast cancer ([@b43-ijo-53-01-0137]). This area of investigation remains superficial, at least for some types of cancer; however, these findings indicated that PLIN2 may serve an important role in tumorigenesis or tumor progression.

Previous studies have provided information regarding the association between PLIN2 expression and ccRCC. A previous study reported that PLIN2 expression was markedly increased in cases of low-stage, low-grade or VHL alteration-positive ccRCC ([@b32-ijo-53-01-0137]), which is consistent with the present findings. These results suggested that PLIN2 levels may represent the tumor differentiation status in ccRCC. By conducting high-density oligonucleotide microarrays on 33 ccRCC tissues and nine normal kidney samples, Yao *et al* ([@b44-ijo-53-01-0137]) identified 149 significantly differentially expressed genes. When matching them with other microarray data, it was demonstrated that PLIN2 was overexpressed in both datasets. The present study observed increased levels of PLIN2 in clinical ccRCC tissues compared with in paired normal tissues. The mRNA expression levels of PLIN2 were further validated by TCGA database, which revealed significantly increased PLIN2 expression in 72 ccRCC tumor tissues compared with in paired normal tissues. In addition to validation at the protein level, IHC results demonstrated that the expression levels of PLIN2 were significantly higher in ccRCC tissues compared with in normal kidney tissues and benign renal angiomyolipoma tissues. These results demonstrated that PLIN2 may function as an oncogene, serving an important role in the tumorigenesis of ccRCC.

Age is a risk factor for numerous types of cancer, including ccRCC; however, the present study demonstrated that PLIN2 expression was increased in patients ≥60 years group compared with in those \<60 years old. These findings indicated that high PLIN2 expression is associated with poor prognosis, which is in contradiction with the follow-up results. Conversely, multivariate regression analysis demonstrated that age and PLIN2 expression levels were independent prognostic factors for ccRCC; age was a risk factor (HR, 1.652; P=0.002) and PLIN2 was a protective factor (HR, 0.586; P=0.001). PLIN2 may therefore be considered a prognostic factor that is not affected by age. Although PLIN2 expression levels may decrease as the tumor progresses, the role of age in tumor progression remains unclear; therefore, there is statistical significance between the two factors, but they do not necessarily have clinical significance.

The present results revealed that high PLIN2 expression was associated with good OS (P\<0.001) and DFS (P=0.0006), and may be considered a diagnostic biomarker in patients with ccRCC with various clinicopathological characteristics. Three previous studies also concluded that increased PLIN2 mRNA expression is associated with a satisfactory cancer-specific survival in patients with ccRCC ([@b32-ijo-53-01-0137],[@b33-ijo-53-01-0137],[@b44-ijo-53-01-0137]) and metastatic lesions exhibited low expression ([@b32-ijo-53-01-0137],[@b44-ijo-53-01-0137]). Notably, the present study demonstrated that knockdown of PLIN2 promoted ccRCC cell invasion and migration *in vitro*. Furthermore, PLIN2 inhibited ccRCC cell proliferation; 4 days following PLIN2 knockdown, the proliferative capacity of A-498 cells was significantly elevated compared with in cells in the control group. In addition, the present study demonstrated that PLIN2 expression levels tended to decrease with increasing tumor grade and T stage. These findings suggested that after PLIN2 is transcriptionally activated, the expression levels of PLIN2 may be gradually downregulated alongside the dedifferentiation processes in the carcinogenic progression of ccRCC. These results indicated that PLIN2 may function as an anti-oncogene, serving an important role in the progression of ccRCC.

Previous studies have elucidated the potential mechanism underlying PLIN2 overexpression. Yao *et al* ([@b32-ijo-53-01-0137]) revealed that overexpression of PLIN2 may be induced by disruption of the VHL/HIF pathway in ccRCC. Furthermore, it has been reported that HIF2α may enhance PLIN2 expression, thus promoting lipid storage, endoplasmic reticulum homeostasis and cell viability in ccRCC ([@b34-ijo-53-01-0137]). The present study demonstrated that VHL alteration-positive ccRCC was associated with increased PLIN2 expression. Furthermore, GSEA demonstrated that the HIF1α and HIF2α signaling pathways were significantly enriched in response to high PLIN2 expression in patients with ccRCC. It may be hypothesized that inactivation of VHL, which activates downstream HIF expression, contributes to increased expression of PLIN2 in ccRCC. It is well known that PLIN2 is transcriptionally activated by the peroxisome proliferator-activated receptor (PPAR)-mediated pathway ([@b45-ijo-53-01-0137]). Conversely, Qiu *et al* ([@b34-ijo-53-01-0137]) reported that constitutive HIF2α activity, rather than PPARγ, PPARα or HIF1α, regulates PLIN2 in ccRCC cell lines and primary patient samples. We aim to further explore the molecular mechanisms underlying PLIN2 overexpression and its associated signaling pathways involved in renal cancer in future studies.

To the best of our knowledge, the present study is the first comprehensive study establishing the functional role of PLIN2 in ccRCC tumorigenesis and progression. The results also indicated that PLIN2 may be considered a potential novel biomarker for predicting prognosis of patients with ccRCC. However, one of the potential limitations of our study should be addressed; the exact mechanism by which PLIN2 inhibits ccRCC progression was not investigated. Therefore, further explorations to elucidate the underlying molecular mechanisms are required.

In conclusion, the present results demonstrated that PLIN2 expression was significantly elevated in ccRCC tissues and cells, and was correlated with numerous important clinical factors in patients with ccRCC. Upregulation of PLIN2 expression was associated with good prognosis of ccRCC. *In vitro* experiments also indicated that PLIN2 knockdown may enhance proliferation, migration and invasion of RCC cells. These findings suggested that PLIN2 may be considered a novel prognostic biomarker in ccRCC and a specific diagnostic indicator for patients with ccRCC. In addition, it could be a potential novel target for the clinical treatment of ccRCC.
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![Heat map depicting PLIN expression in samples from TCGA combined human clear cell renal cell carcinoma microarray datasets (n=605). Red indicates high expression; yellow indicates medium expression; blue indicates low expression. KIRC, kidney renal clear cell carcinoma; PLIN, perilipin; TCGA, The Cancer Genome Atlas.](IJO-53-01-0137-g00){#f1-ijo-53-01-0137}

![PLIN2 expression is upregulated in ccRCC, and is associated with various clinicopathological factors in ccRCC tissues. The mRNA expression levels of PLIN2 were obtained from TCGA dataset, which contained 72 adjacent normal tissues and 528 ccRCC tissues. The mRNA expression levels of PLIN2 were compared with respect to various clinicopathological factors: (A) Cancer vs. normal tissues, (B) tumor vs. adjacent normal tissues, (C) age, (D) sex, (E) T stage, (F) grade and (G) VHL alteration status. ccRCC, clear cell renal cell carcinoma; PLIN, perilipin; TCGA, The Cancer Genome Atlas; VHL, von Hippel-Lindau.](IJO-53-01-0137-g01){#f2-ijo-53-01-0137}

![High PLIN2 mRNA expression is associated with good OS in patients with ccRCC. Patient samples from The Cancer Genome Atlas were separated into two groups: Those with low PLIN2 expression and those with high PLIN2 expression. (A) OS of patients with ccRCC was associated with PLIN2 expression. OS subanalysis regarding PLIN2 expression was conducted in subgroups of patients with ccRCC: (B) Male, (C) female, (D) age \<60 years, (E) age ≥60 years, (F) T3 + T4 stage, (G) N0 stage, (H) M0 stage and (I) G3 + G4 grade. ccRCC, clear cell renal cell carcinoma; OS, overall survival; PLIN, perilipin.](IJO-53-01-0137-g02){#f3-ijo-53-01-0137}

![High PLIN2 mRNA expression is associated with good DFS in patients with ccRCC. Patient samples from The Cancer Genome Atlas were separated into two groups: Those with low PLIN2 expression and those with high PLIN2 expression. (A) DFS of patients with ccRCC was associated with PLIN2 expression. DFS subanalysis was conducted in subgroups of patients with ccRCC: (B) Female, (C) age \<60 years, (D) age ≥60 years, (E) T3 + T4 stage, (F) N0 stage, (G) M0 stage, (H) G3 + G4 grade and (I) stage III + IV. ccRCC, clear cell renal cell carcinoma; DFS, disease-free survival; PLIN, perilipin.](IJO-53-01-0137-g03){#f4-ijo-53-01-0137}

![PLIN2 expression may be a diagnostic biomarker in patients with ccRCC. (A) PLIN2 effectively discriminated between ccRCC and paired normal tissues (AUC 0.9412; P\<0.0001). ROC curve subanalysis was performed with respect to the following subgroups of patients with ccRCC: (B) N stage, (C) M stage, (D) DFS status, (E) survival status and (F) OS. AUC, area under the curve; ccRCC, clear cell renal cell carcinoma; DFS, disease-free survival; OS, overall survival; PLIN, perilipin; ROC, receiver operating characteristic.](IJO-53-01-0137-g04){#f5-ijo-53-01-0137}

![PLIN2 is upregulated in ccRCC cells and tissues, and regulates biological pathways. Western blotting of PLIN2 expression in (A) renal cancer cell lines and (B) ccRCC tissues. (C) Immunohistochemistry of PLIN2 expression in ccRCC tissues, benign RAML tissues and paired normal tissues. Representative images are shown (magnification, ×200 in main images, ×40 in upper left images). Gene set enrichment analysis compared low PLIN2 and high PLIN2 expression groups in The Cancer Genome Atlas database. Enrichment curves are shown for activated gene sets related to (D) hypoxia, (E) HIF1α and HIF2α targets, (F) TNF signaling and (G) regulated by Myc. ccRCC, clear cell renal cell carcinoma; HIF, hypoxia-inducible factor; N, normal; PLIN, perilipin; RAML, renal angiomyolipomas; T, tumor; TNF, tumor necrosis factor.](IJO-53-01-0137-g05){#f6-ijo-53-01-0137}

![Effects of PLIN2 silencing on cell proliferation, migration and invasion. (A) PLIN2 protein expression was successfully knocked down in A-498 cells. (B) Cell counting kit-8 assays detected the effects of PLIN2 knockdown on proliferation of A-498 cells. (C and D) Representative images of migration and invasion assays performed using A-498 cells (magnification, ×100). Data are presented as the means ± standard deviation from three independent experiments. \*P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. si-NC. NC, negative control; PLIN, perilipin; si, small interfering RNA.](IJO-53-01-0137-g06){#f7-ijo-53-01-0137}

###### 

Association between PLIN2 mRNA expression and clinicopathological parameters of patients with clear cell renal cell carcinoma.

  A, Patient characteristics                                                    
  ---------------------------- -------------- ----------------------- --------- -------
  Age (years)                                                                   
   \<60                        243            140                     103       
   ≥60                         283            123                     160       0.002
  Sex                                                                           
   Female                      185            64                      119       
   Male                        341            199                     144       0.000
  T stage                                                                       
   T1 or T2                    337            161                     176       
   T3 or T4                    189            102                     87        0.203
  N stage                                                                       
   N0 or NX                    510            252                     258       
   N1                          16             11                      5         0.203
  M stage                                                                       
   M0 or MX                    448            216                     232       
   M1                          78             47                      31        0.065
  G grade                                                                       
   G1 or G2                    246            119                     126       
   G3 or G4                    280            144                     137       0.541
  TNM stage                                                                     
   I + II                      319            152                     167       
   III + IV                    207            111                     96        0.211
                                                                                
  B, VHL status                                                                 
                                                                                
  Parameter                    No.            PLIN2 mRNA expression   P-value   
  Low (n=172)                  High (n=171)                                     
                                                                                
  VHL alteration                                                                
   Negative                    190            108                     82        
   Positive                    153            64                      89        0.007

VH, von Hippel-Lindau; PLIN2, perilipin 2.

###### 

Univariate and multivariate analyses of PLIN2 mRNA expression and patient survival.

  Variable                   Univariate analysis   Multivariate analysis[c](#tfn4-ijo-53-01-0137){ref-type="table-fn"}                                    
  -------------------------- --------------------- --------------------------------------------------------------------- --------- ------- -------------- ---------
  Overall survival (n=526)                                                                                                                                
  Age (years)                1.803                 1.318--2.468                                                          \<0.001   1.652   1.199--2.276   0.002
  Sex                        0.948                 0.697--1.290                                                          0.736                            
  T stage                    3.120                 2.306--4.220                                                          \<0.001   1.619   1.122--2.337   0.010
  N stage                    3.823                 2.070--7.061                                                          \<0.001   2.219   1.182--4.163   0.013
  M stage                    4.346                 3.192--5.918                                                          \<0.001   2.448   1.702--3.522   \<0.001
  G grade                    2.639                 1.885--3.697                                                          \<0.001   1.677   1.163--2.420   0.006
  PLIN2                      0.524                 0.386--0.711                                                          \<0.001   0.586   0.429--0.803   0.001

HR estimated from Cox proportional hazard regression model;

CI of the estimated HR;

multivariate models were adjusted for T, N, M and G grade classification and age. CI, confidence interval; HR, hazard ratio; PLIN2, perilipin 2.
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